Seasonal fate and gas/particle partitioning of semi-volatile organic compounds in indoor and outdoor air. Atmospheric Environment, Elsevier, 2016, 147, pp.Highlights 33 -Quantification of 58 semi-volatile organic compounds in indoor and outdoor air.
Abstract: Fifty-eight semi-volatile organic compounds (SVOCs) were investigated simultaneously in 14 three indoor (apartment, nursery and office building) and one outdoor environment in the centre 15 of Paris (France) . All of these compounds except tetrabromobisphenol A were quantified in the 16 gaseous and particulate phases in all three environments, and at a frequency of 100% for the In recent decades, a wide variety of semi-volatile organic compounds (SVOCs) have been 41 detected in the environment and health damage associated with exposure to SVOCs has been 42 reported. Human exposure to these priority substances during foetal development or early life has 43 been associated with adverse birth outcomes and neurotoxic, immunotoxic and obesogenic 44 effects in children (Casas et al., 2013) . 45 However, few studies have simultaneously quantified a large number of these compounds in 46 indoor air Rudel and Perovich, 2009; Mandin et al., 2016) . Some of the 47 studied compounds, such as diethylhexyl phthalate (DEHP), bisphenol A (BPA), 4-nonylphenol (4-48 NP) and polybromodiphenyl ethers (PBDEs), have been registered on the European priority list of 49 the registration evaluation and authorization of chemicals system (Reach, 2015) . 50 Given their widespread use in building materials and consumer products for many years, 51 SVOCs are ubiquitous in indoor environments Laborie et al., 2016) . Indeed, 52 synthetic flooring, plastic items, detergents and electronic appliances such as televisions and 53 computers have introduced new chemicals into indoor environments because of their particular 54 properties (flame retardants, biocides, refrigerants, surfactants, etc.) (Weschler, 2009 ). Moreover, 55 in densely urbanized areas, it appeared that indoor environments were a major source of 56 pollutants for outdoor ambient air (Rudel and Perovich, 2009 ). 57 SVOCs may be found adsorbed upon airborne particles, as well as in the gaseous phase. Most 58 literature data pertain to airborne particles, the gas phase, or the total air concentration for 59 several families of pollutants, but few studies have considered the gaseous and the particulate 2010; Weschler et al., 2008) . Few data are available for some compounds such as PBDEs, 62 particularly in the gas phase in indoor and outdoor environments . 63 Moreover, validation of models for the indoor environmental fate and human exposure such , 2005) . BPA is used in polycarbonate plastics in many consumer products 87 and in the epoxy resins lining food and beverage containers (WHO, 2011). APs, including 88 nonylphenol and octylphenol, are used as nonionic surfactants in detergents and cleaning 89 products and also in some pesticide formulations and industrial products (Ying et al., 2002) . 90 Parabens are used as a preservative in personal care products (Błędzka et al., 2014 (Heudorf and Angerer, 2001) . 99 The main objectives of this study were to i) prioritize the concentrations of the 58 SVOCs in 100 indoor air for three different buildings in the centre of Paris and to compare them with outdoor air 101 levels, ii) evaluate the seasonal influence on indoor concentrations, iii) investigate SVOC 102 partitioning between the gaseous and particulate phases and iv) explore the relationships 103 between the different SVOCs. Teil et al. (2016) . Three different indoor environments were 112 considered: a non-smoking apartment where two adults were living, a nursery (20 toddlers + six 113 adults) and an office building (two persons). Their occupants voluntarily participated in this study. 114 They exhibited no special equipment that might have impeded the results as there was no kitchen 115 or cafeteria in the office building. The three buildings were equipped with mechanical ventilation 116 systems. 117 All the sampling sites were located in densely urbanized areas. The nursery and the office The sampling system is shown in SI-Appendix 1. The air flow rate was 0.6 m 3 .h -1 (medium 136 sampling volume), and the volume collected ranged from 129 to 175 m 3 . The particulate phase 137 was collected in total suspended particulate mode (TSP) onto a 47-mm quartz fibre filter (Q-MA, 138 supplied by Whatman), previously heated to 400°C for 4 h. These filters display an air retention 139 capacity greater than or equal to ≥ 99.95% for particles ≥ 0.3 μm. The gaseous phase was collected 140 onto XAD-2 resin (20-60 mesh, Sigma-Aldrich, Saint-Quentin Fallavier, France) cleaned by Soxhlet 141 extraction with methanol, acetone and hexane/ether (90/10, v/v) and stored at 4°C before use. 142 Thirteen grams of XAD-2 were used in two brass cartridges (13 mm in diameter; 10 cm long). The compounds were quantified by internal calibration. Syringe standards were added to the 185 vials prior to analyses to estimate the internal standard recoveries ( 13 C 12 PCB194, CB209, BB209 186 and benzyl benzoate). Recoveries were previously assessed for all the target compounds. After 187 extraction and purification, recoveries for the gaseous phase ranged from 30% (TBBPA) to 136% 188 (CB-169), depending on the compound. The retention capacity of the XAD-2 cartridges was also 189 tested (Alliot et al., 2014) . Almost all compounds were retained by the first cartridge (at least 90% 190 of the amount trapped). The resins from the two cartridges were mixed and extracted as a single 191 sample to avoid compound losses. 192 The concentrations were corrected by concomitant blank concentrations for all compounds. 193 With the exception of PAEs, all blanks were in accordance with analysis quality (SI, Appendix 5). 194 Peaks were integrated only when the signal-to-noise ratio was ≥ 3, and peaks were quantified 195 when the signal-to-noise ratio was ≥ 9, peak to peak. The PBDEs were expressed as ∑8PBDEs (BDE28, 47, 99, 100, 153, 154, 183 and 209). 210 The target PAHs were (i) fluorene (FLU) and phenanthrene (PHE), which are predominantly low-211 molecular-weight compounds; (ii) chrysene (CHR) whose molecular weight = 228 mol g -1 ; (iii) 212 benz[a]anthracene (BaA) and benzo[a]pyrene (BaP), which are carcinogens; and (iv) 213 benzo[ghi]perylene (BghiP), which has the highest molecular weight of the compounds studied. 214 CHR appeared to be the dividing line for the PAHs with a larger or smaller distribution in the 215 gaseous or particulate phase, as it had 48% in gaseous phase and 52% in particulate phase ( The SVOC concentrations in indoor air (gas + particles) are shown in Figure 1 and details are 231 given in Table 1 and SI-Appendix 6. All targeted compounds were quantified in the three indoor For PAEs, parabens, APs and FLU, significantly higher concentrations were observed in the 240 nursery than in the apartment and the office (p < 0.05). These concentrations were 1.5 to two 241 times higher in the nursery than in the apartment and the office for PAEs, two to five times higher 242 for parabens and two to six times higher for APs. The highest concentrations were observed in the 243 nursery for all compounds associated with children's products such as toys or widely used care 244 products. Moreover, the apartment showed significantly lower PCB concentrations than the office 245 and the nursery (p < 0.05) ( Table 2) . 246 Plasticizers 247 PAEs were quantified at a frequency of 100% in the three indoor environments, except BBzP 248 and DnOP, the levels of which were close to the LOQs (Table 1, The nursery and office showed mean concentrations of ∑PCBi higher than that in the 330 apartment (1.75 ± 1.82 and 1.48 ± 0.63 ng.m -3 , respectively, versus 0.55 ± 0.36 ng.m -3 ; p<0.05) 331 (Table 2) . This difference could be explained by the fact that the buildings and the site had been Table 1 , SI-Appendix 6). The indoor air concentrations of PAE compounds, except DEHP, 404 were significantly higher (from 23 to 40 times) than the outdoor air concentrations (Table 1, materials and consumer products (Teil et al., 2006) . Generally, it is agreed that outdoor sources of 410 particulate PAEs, such as tyre wear, are minor contributors to indoor contamination (Rakkestad et 411 al., 2007) . AP concentrations in indoor air were eight to 80 times higher than the outdoor 412 concentrations ( Table 1) , indicating that indoor sources are important. 413 Indoor PCB concentrations were generally up to ten times higher than those measured in the 414 outdoor air in the same area (Teil et al., 2016) . Studies of PCB contamination have shown indoor 415 air concentrations to be at least ten and up to 100 000 times higher than outdoor air 416 concentrations (Rudel and Perovich, 2009 ). 417 Indoor air concentrations of PAHs tend to exceed outdoor air concentrations for compounds 418 containing up to four rings. For molecules containing five rings and more, the trend indicates that 419 the greatest concentrations are outdoors. Similar results were found in homes in the USA; 420 however, acenaphthene (ACE), FLU, FTH and PHE appear to have significant outdoor sources and 421 suggest a combination of indoor and outdoor sources (Rudel et al., 2010) . 422 Overall, the SVOCs showed higher indoor concentrations, except for the PAHs, suggesting 423 primarily indoor sources. The different SVOC sources were confirmed by Spearman coefficients, 424 which showed strong correlations between APs, parabens and PAEs. No correlation was found for 425 PAHs (Table 3) . 427 The variation of indoor concentrations (Table 1) (Table 1) . 446 A clear seasonal variation was observed for BPA, PCBs and PAHs whatever the indoor site 447 (Table 1) . BPA displayed temporal variation, with a fourfold lower concentration in the heating 448 period compared to the non-heating period. 449 The PCB concentrations in the office showed the least seasonal variation, with a nearly 450 twofold lower concentration in the heating period (1.91 vs 1.05 ng.m -3 ). In the apartment and the seasonal variability of indoor contamination in offices, homes and public environments appeared 459 lower than that of outdoor air (Hazrati and Harrad, 2006) . 460 In contrast to the other SVOCs, the seasonal variability of indoor PAH concentration was 461 relatively high. Thus, the indoor concentrations increased during the heating period for all PAHs. % gaseous phase = 96/(1+Exp(-5,15-1,42*log (vapor pressure))). (equation2) 509 Compounds with vapor pressure higher than 1 10 -3 Pa exhibited a percentage in the gaseous 510 phase greater than 80% except BDE 209 and hepta-hexa PCBs, which were mainly in the gaseous 511 phase while their vapor pressure was lower than 1 10 -3 Pa. Indoor temperatures (20 °C) and low 512 indoor concentrations of TSP (25 µg.m -3 ) favoured this general predominance of SVOCs in the 513 gaseous phase. Moreover, a seasonal influence on partitioning was observed, except for parabens, 514 PCBs and the lowest molecular-weight PBDEs and APs. The other compounds were higher in the 515 particulate phase during the heating period. 516 The Kp values showed a variation trend opposite to that of the gaseous phase concentrations 517 between the 2 periods ie an increase of the Kp during the heating period for the heavy compounds 518 with low vapor pressures (< 10 -3 Pa). However, the difference of temperature between the heating 519 and the non-heating periods was only 2 °C in the nursery and 1 °C for the 2 other sites. 520 The Kp values seemed rather related to the physico-chemical characteristics of the 521 compounds (molecular weight, vapor pressure), as discussed by Wei et al. (2016) , than to the 522 particle origin (indoor/outdoor). Our results highlighted, for the first time, the major occurrence of both APs and parabens in the 533 gaseous phase and confirmed the gas-phase prevalence of most PAEs, light PAHs and PCBs. 534 For all SVOCs the nursery displayed higher concentrations than the apartment and office. The 535 highest indoor air contamination in the nursery might be related to abundant synthetic materials 536 and extensive use of detergents and disinfectants, contributing to toddlers' high exposure through 537 inhalation. 538 For PBDEs, parabens and APs, the absence of temporal variation and the prevailing indoor as 539 compared to outdoor air concentrations, indicates that they predominate indoors. For PCBs, 540 markedly greater variability was found for season than for the indoor location, which is in line with 541 these compounds originating partially outdoors in urban areas. Moreover, the emission of PAEs 542 and PAHs by volatilization or combustion processes at ambient temperature in outdoor 543 environments might affect indoor air quality. The predominance of the gaseous phase in the 544 occurrence of pollutants indoor was shown, except for DEHP and BaP. 545 These data could also be useful for both inputs and validation of models for indoor environmental 546 fate and human exposure. 
Indoor air concentrations depending on the season

